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Introduction
Within the vast array of hydrocarbyl ligands that have been stabilised through coordination to metal centres, vinylidene C=CH 2 and other substituted examples of this prototypical unsaturated carbene occupy an important position, featuring prominantly from a historical perspective in the development of the discipline of organometallic chemistry [1 -3] , to applications as key intermediates in modern synthetic chemistry [4 -6] . The first organometallic vinylidene complex, Fe 2 (- 1 -C=CPh 2 )(CO) 8 , was reported in 1966 and featured the diphenylvinylidene moiety in a - 1 -bridging mode formed from the photolysis of Fe(CO) 5 with diphenylketene [7, 8] . The preparation of both cis-and trans-[Fe 2 {- 1 -C=C(CN) 2 }(-CO)(CO) 2 Cp 2 ], containing the - 1 -dicyanovinylidene ligand, followed in 1972 [9] while the first monometallic vinylidene complexes, which also featured dicyanovinylidene ligands, were reported in that same year [10] . In the decades that have followed, the chemistry of vinylidene complexes, and other unsaturated carbenes such as allenylidene (:C=C=CH 2 ) [2, 11] and butatrienylidene (:C=C=C=CH 2 ) [12, 13] was extensively explored. The practical applications of the metal chemistry of vinylidenes and other unsaturated carbenes are well-established, and vividly illustrated by the use of these species in the development of catalysts for olefin metathesis and other organic transformations [14, 15] . Somewhat surprisingly, despite this significant interest in the general area of vinylidene ligand chemistry, the proliferation of complexes featuring different combinations of metal, supporting ligands and substituents on the vinylidene moiety, and the presence of cyanovinylidene ligands in the earliest reports of this class of ligand, cyanovinylidene chemistry has remained largely unexplored [16] , likely due to the less than convenient methods of preparation known to date.
The first preparations of dicyanovinylidene ligand complexes were based on nucleophilic substitution reactions between Cl 2 C=C(CN) 2 and metal carbonyl anions.
In the case of reactions between [Fe(CO)Cp] -and Cl 2 C=C(CN) 2 , the bimetallic complexes cis-and trans-[Fe 2 { 2 - 1 -C=C(CN) 2 }(-CO)(CO) 2 Cp 2 ] were isolated in low (<3%) yield (Scheme 1) [9, 17] , the cis isomer later being crystallographically characterised [18] . Reaction of [Fe 2 (-CO)(-CSMe)(CO) 2 2 }(-CO)(CO) 2 Cp 2 ] (Scheme 1) [19] . Scheme 1 The synthesis of cis-and trans-Fe 2 {-C=C(CN) 2 }(-CO)(CO) 2 Cp 2 [17, 19] .
The Group 6 metal carbonyl anions [M(CO) 3 Cp] -(M = Mo, W) reacted smoothly with Cl 2 C=C(CN) 2 to give 1-chloro-2,2-dicyanovinyl derivatives
[M{C(Cl)=C(CN) 2 }(CO) 3 Cp] in moderate yield [9, 17] . Subsequent thermolysis of the vinyl compounds in the presence of trivalent phosphorus ligands resulted in carbonyl substitution and chloride migration to give a mixture of the cis-and transdicyanovinylidene complexes MCl{C=C(CN) 2 }(PR 3 ) 2 Cp [20 -22] ; reactions of Mo{CCl=C(CN) 2 }(CO) 3 Cp with Bu t NC gave only the carbonyl substitution product Mo{CCl=C(CN) 2 }(CO) 2 (CNBu t )Cp, the chlorovinyl ligand remaining unchanged (Scheme 2) [23] . [24] . These anionic compounds can be represented by two limiting resonance forms, A and B (Scheme 3), the significance of form A being evidenced by the formation of simple adducts at C  , whilst protonation or oxidation afford cyclic products.
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Scheme 3
The formation of mono and dicyanovinylidenes from chloride displacement from M(CCl)(CO) 2 Tp* [24] .
In seeking to develop more expeditious routes to cyanovinylidene complexes, it is worth noting that half-sandwich ruthenium acetylide complexes such as Ru(CCPh)(PPh 3 ) 2 Cp (1) react with a variety of electrophilic reagents [25, 26] including H + [27] , alkyl halides [28] , trialkyloxonium salts [29] , diazonium salts and carbon-based electrophiles [30] , including the masked example B(C 6 F 5 ) 3 [31] halogens (Cl 2 , Br 2 , I 2 ) [32, 33] , and cyanogen bromide, which acts as a halogen transfer agent [34] also determined, and are briefly described here for completeness. DFT based computational studies on representative cyanovinylidene complexes have also been carried out, which together with the structural, electrochemical and spectroscopic data provide insight into the electronic structure of the cyanovinylidene ligand.
Preliminary results in this area from our group has been communicated previously [46] . reference. Spectroelectrochemical studies were conducted at room temperature using a gas-tight cell fitted with CaF 2 windows, Pt gauze working electrode, Ag-wire pseudo reference and Pt counter electrodes [51] .
Experimental section
General conditions
All ab initio computations were carried out with the Gaussian 09 package [52] . The model geometries were optimised using the B3LYP functional [53, 54] , with the 3-21G* basis set [55, 56] . Frequency calculations were computed on these optimised geometries and shown to have no imaginary frequencies. A scaling factor of 0.95 was applied to the calculated vibrational frequencies for comparison with experimental data [57, 58] . The MO diagrams and orbital contributions were generated with the aid of the GaussView 5.0 [59] and GaussSum [60] packages, respectively. After stirring for a further 2.5 hours, the reaction mixture was filtered through a Celite plug and concentrated to dryness to give a white powder. The powder was dissolved in NCMe (15 ml), stirred for 3 min. and then filtered again through a Celite plug.
General
After concentrating to dryness, the extraction process was repeated for a final time.
Concentration to dryness and recrystallisation from NCMe/EtOAc afforded needle- 
X-ray structure determinations
Single crystal X-ray data were collected at 120K on the Rigaku R-Axis Spider IP nitrogen cooling devices and using graphite monochromated MoK α radiation (Mo-K,  = 0.71073Å). The structures were solved by direct method and refined by fullmatrix least squares on F 2 for all data using SHELXTL [62] and OLEX2 [63] software. All non-disordered non-hydrogen atoms were refined with anisotropic TlCp (Scheme 5) [61] . It was most convenient to carry out the last step with a small excess of FeCl 2 (dppe), to prevent the formation of ferrocene and liberation of dppe, the latter proving to be rather difficult to separate from the half-sandwich product.
Results and Discussion
Synthesis and structures of half-sandwich acetylide precursors
The excess insoluble FeCl 2 (dppe) is simply removed from the reaction mixture by filtration with the precipitated TlCp, and the crude reaction mixture crystallised from CH 2 Cl 2 / Et 2 O to afford well-shaped blocks of FeCl(dppe)Cp, thereby avoiding chromatographic purification [61] .
Scheme 5
The preparation of FeCl(dppe)Cp and related acetylide complexes. [81] . In each case (3, 5) the metal centre is in a pseudooctahedral geometry, with the P(1)-Ru-P(2) bond angle ca. 100  and the P(1,2)-Ru-
Molecular structures of acetylide complexes
C(1) angles ca. 90. The Ru-C(1)C(2)-C(3) fragments in 3 and 5 are essentially linear, and the Ru-C(1), C(1)-C(2), C(2)-C(3) bond lengths are indistinguishable
between the two complexes. The relatively precisely determined Ru-P(1,2) bond lengths provide the most informative trends, and whilst they also fall in a small range, the Ru-P bonds in 3 are at the shorter end of the range spanned by the structures established to date, reflecting the electron-donating character of the OMe substituent and the subsequently increased metal-phosphine back-bonding contribution (Table 1 ). 
Selection, synthesis and structure of 1-cyano-4-dimethylaminopyridinium tetrafluoroborate ([9]BF 4 ) It has been established earlier that cyanogen bromide,
BrCN, is a useful reagent for the formation of mono and dibromovinylidenes, but not cyanated products, from metal acetylides [34] , and therefore attention was turned to alternative cyanating reagents. Tosyl cyanide (p-tolylsulfonyl cyanide, TsCN) has been used as a cyanating reagent in reactions with organometallic compounds [82] , including phenylmagnesium bromide [83] and benzylzinc halides [84] , and acts as a heterodienophile in Diels-Alder reactions [85, 86] . However, reactions of 1 with TsCN in the presence of NaPF 6 were largely unsuccessful, with the desired monocyanovinylidene complex [Ru{C=C(Ph)CN}(PPh 3 ) 2 Cp]PF 6 being obtained in only ca. 3% isolated yield.
Phenyl cyanate (cyanic acid phenyl ether, PhOCN) [87] has been used as a source of the cyano moiety in the preparation of organic [88] and organometallic [89 -91] cyanoacetylene derivatives from acetylide anions. [92] , and in the cyanation of cysteine residues in proteins to inhibit the activity of cysteine active enzymes [93] , and aid in peptide sequencing [94] . Solutions of the hygroscopic bromide salt [9] Br are readily prepared from 4-dimethylaminopyridine and cyanogen bromide [46] , whilst the air-stable, crystalline BF 4 -salt, which is also available commercially, has been obtained by anion metathesis of [9] Br with AgBF 4 [93] . We found it to be expeditious to employ a small excess of cyanogen bromide in the preparation of [9] + salts to ensure complete reaction of the dimethylaminopyridine which can be troublesome to remove from the products by crystallisation. In contrast, the excess volatile cyanogen bromide is simply removed during drying of the crude product in vacuo. As an alternative to anion metathesis with expensive silver salts, treatment of NCMe solutions of [9] Br obtained from BrCN and dimethylaminopyridine with NaBF 4 , followed by filtration (to remove NaBr), and recrystallisation (NCMe / EtOAc) can also be used to give crystalline [9] BF 4 in good (64%) yield.
Molecular structure of 1-cyano-4-dimethylaminopyridinium tetrafluoroborate, [9]BF 4 .
A plot of the 1-cyano-4-dimethylaminopyridinium cation [9] + is shown in Figure 3 
Synthesis and structure of cyanovinylidene complexes
Both donor or acceptor substituted aryl acetylide complexes Ru(CCC 6 H 4 R-4)(dppe)Cp (R = OMe (3), Me (2), H (1), CN (4), CO 2 Me (5) These spectroscopic features were largely insensitive to the nature of the vinylidene substituent, indicating little electronic interaction between the substituent and the metal centre.
Molecular structures of cyanovinylidene complexes
The molecular structures of the ruthenium cyanovinylidene complexes 
Electrochemistry
The electrochemical response of ruthenium(II) acetylide complexes of general form Ru(CCAr)(PP)Cp' (Ar = aromatic substituent, PP = phosphine donors, Cp' = Cp, Cp*) is characterised by an oxidation event that has considerable ethynyl ligand character, and as such the potentials of these redox processes, and the chemical stability of the resulting radical cations, is sensitive to the nature of the aromatic group and the electronic properties of substituents [40, 81] . However, the different combinations of solvent, supporting electrolyte, temperature and reference electrode employed in collecting the range of available data can make direct comparisons of the results collated from many different research groups difficult, especially in the absence of a reported potential for an internal reference compound [105] . Table 2 summarises the redox behaviour of a number of acetylide complexes pertinent to the present study in The cyclic voltammogram ( = 100 mV / s) of the parent compound Ru(CCPh)(PPh 3 ) 2 Cp (1) exhibits an oxidation wave at +0.54 V, which is only partially chemically reversible, even at -40C [40] , as a result of the redox noninnocent nature of the phenylethynyl ligand and rapid dimerisation of the largely ligand-based radical cation in solution [106] . A completely irreversible wave is also observed at higher potentials (+1.34 V Table 2 ). The reversibility of the process did not improve at lower temperatures, and the reverse waves became even less distinct, to -300 mV relative to the ruthenium analogue, the potential of the reduction event was largely insensitive to the nature of the metal, thereby supporting the chemically intuitive assignment of the reduction to a ligand centred process. (1/2) = half-wave potential of an oxidation wave (V). e i pa :i pc = ratio of anodic to cathodic peak current for an oxidation.
f ∆E p = separation of anodic and cathodic peaks (V). g E r (1/2) = half-wave potential of a reduction wave (V). h i pc :i pa = ratio of cathodic to anodic peak current for a reduction. i ∆E r p = separation of cathodic and anodic peaks (V). j p a = anodic peak potential.
k irr = irreversible. l qr = quasi-reversible.
Electronic structure calculations and spectroelectrochemistry
To gain further insight into the nature of the electrochemically generated products a series of DFT calculations and IR spectroelectrochemical studies were undertaken. As a trade-off against the larger ligand sets, the relatively small 3-21G* basis set was employed with the B3LYP functional, although it should be noted that the 3-21G* basis set has proven to be sufficient to provide good agreement with experimental data in previous studies of half-sandwich ruthenium complexes [40] . The results of geometry optimisations are summarised in Table 3 [18] + ). In addition, the calculated frequencies reproduce the experimental results extremely well (Table 3 ). The good agreement between these data from the experimental and computational systems gives confidence in the accuracy of the computational model, and the subsequent conclusions. proved to be chemically irreversible on the longer timescale of the spectroelectrochemical experiment, and this process was not investigated further. In contrast, despite the sluggish electron transfer behaviour observed in the voltammetry cell, [18] ˙ displayed sufficient chemical stability to be generated within the spectroelectrochemical cell, and re-oxidised to permit recovery of the closed-shell cation [18] + ( Figure 10 ). The (CN) band in [18] + is observed at 2203 cm -1 , with the vinylidene (C=C) at 1583 cm -1 . Reduction to [18] ˙ is accompanied by a shift in the (CN) band by -39 cm -1 with an evident shoulder on the high frequency side, although the (C=C) cannot be observed and is likely obscured by residual bands from the supporting electrolyte. Similar behaviour has been noted for the ruthenium complexes [20] + and [20] ˙ [46] . In both cases, the limited shift of the (CN) band argues against reduction at the methylene carbon (C (2)). Reduction at the vinylidene alpha carbon C(1), which is consistent with the composition of the LUMO, is more in keeping with the spectroelectrochemical results. vinylidenes to alkynes at half-sandwich ruthenium and iron centres [37] , future work from this group will address the potential to use a combination of these chemistries to provide a simple ruthenium-catalysed route to cyanoalkynes [108] from [9] BF 4 and terminal alkynes and to make these useful reagents readily available.
